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Variable  temperature  multimode  magnetometer 

J.  J.  Winter,  F.  Rothwarl.  H.  A.  Leupold,  and  J.  T Breslin 

ItS  4rmv  L'.lcx  tronux  I cchnolottv  and  Devices  Laboratory  (ERADi  OM).  Lori  Monmouth.  New  Jersey  0770J 
(Krvnvftl  27  FVvrnthrr  H77.  in  final  form.  2.'  Hrbruary  l‘*7i) 

A variable  temperature  mugnetometer  was  built  for  use  with  a superconducting  solenoid 
in  a liquid  helium  environment  Measurements  can  be  made  at  temperatures  ranging  from  1.5 
to  500  K..  Three  modes  of  operation  are  possible:  integrating  fluxmeter,  ballistic 
magnetometer,  and  variable  temperature.  The  probe  permits  quick,  efficient  sample  exchange. 


INTRODUCTION 

Over  the  past  few  years  there  has  been  an 
Increasing  need  to  extend  the  operating 
spectra  of  various  military  microwave  de- 
vices to  even  higher  frequencies,  sometimes 
well  into  the  ml  1 1 lraeter -wave  range.  Re- 
cent design  calculations  have  shown  that 
if  this  frequency  augmentation  is  to  take 
place  without  an  objectionable  Increase  of 
the  weight  and  bulk  of  device  components, 
it  wo&Ld  be  necessary  to  employ  permanent 
magnet  materials  with  energy  products  and 
temperature  independences  considerably 
superior  to  those  of  presently  existing 
materials.  In  the  course  of  research  ini- 
tiated to  produce  such  materials  the  need 
arose  for  a versatile  variable  temperature 
magnetometer.  An  earlier  probe  design^ 
offered  the  temperature  control  required 
in  a small  diameter  configuration.  As 
pointed  out  previously, ^ however,  the  cir- 
cuitry used  with  that  probe  measured  the 
slope  of  the  minor  hysteresis  loop  inter- 
secting the  magnetization  curve  at  the 
applied  dc  field.  Thus,  the  magnetization 
could  not,  in  general,  be  retrieved. 

Therefore,  another  method  of  measuring  mag- 
netization was  required  with  an  attendant 
alteration  in  the  sensing  coil  configur- 
ation and  housing. 

The  requirements  for  a long  sample  rod, 
for  in-house  construction,  for  avoiding  sam- 
ple motion  (which  can  cause  flux  line  distur- 
bance in  superconductors,  etc.)-*  and  the  po- 
tential need  to  make  I-V  measurements  simul- 
taneously with  magnetization  measurements 
all  contributed  to  the  decision  to  adapt  an 
integrating  magnetometer  rather  than  a vibra- 
ting sample  technique  to  our  probe. 

I.  EXPERIMENTAL  DETAILS 
A.  Construction 

The  apparatus  consists  of  four  concentric  tubes. 
A.  B.  and  I)  (big  I).  In  operation,  a long  sample 
rod  A is  inserted  into  section  B.  O-rings  housed  in 
cylinder  B2  make  a vacuum-tight  seal  with  A.  Housings 
B2  and  B4  are  sealed  together  via  Marmon  flange  BJ. 
Section  B is  inserted  into  C and  B5  is  sealed  at  the 
compression  O-ring  fitting  Cl.  Section  B thermally 
mates  with  C when  conical  copper  heat  sink  Bh  slides 


snugly  into  copper  fitting  C7.  This,  in  turn,  thermally 
mates  with  copper  fitting  Ob  which  is  immersed  in  the 
liquid  helium  bath.  Section  C is  inserted  into  vacuum 
jacket  1).  and  C6  is  sealed  at  the  O-ring  fitting  Ol . Relief 
valves  (’3  and  03  are  inserted  in  the  vacuum- He  ex- 
change gas  valve  stems  C2  and  02  as  a safety  precau- 
tion to  vent  gases  inadvertently  condensed  at  lower 
temperatures. 

Chambers  0.  C.  and  the  upper  part  of  B were  con- 
structed from  0.25-mm  wall  nonmagnetic  steel  tubing 
of  2.54.  1.905.  0.9525  cm  o.d..  respectively.  The  part  of 
B below  the  heat  sink  Bb  is  constructed  of  linen  Bake- 
lite.  Thermal  grounding  of  the  leads  to  the  heat  sink  Bb 
is  accomplished  by  intimate  contact  of  thick  Formvar- 
insulated  feedthrough  conductors  with  the  channels 
drilled  in  Bb  and  by  wrapping  about  the  recessed  ends 
of  the  heat  sink  and  the  steel  tubing.  A Kimwipe 
layer  saturated  with  GK  703 1 is  recommended  as  a good 
thermally  conductive  yet  electrically  insulating  bond 
between  tubing  and  leads. 
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I in  I Variable  temperature  probe  A — sample  rod;  B — meas 
urements  assembly;  1*  isothermal  chamber:  0 vacuum  jacket  See 
text  for  details 


1 


•**'*•• 


■ T3?; 


■i  i u. 


' W»*  . ^ . UlMI 


• ill  Mill 

I ii.  V hi‘nulK  .»!  IK*  »i<  <•  .i»t*  

I Xisacoppei  chamhci  whivh  houses  the  ptvkupcods 
If  .iihI  H*r  the  theimomelcis  lovulcd  .it  H8  .uni  HI  I .uni 
the  sample  HI’  whivh  normally  lesnirs  within  H7 
Housing  H4  contains  the  hei  metn  ally  sealed  electrical 
feedthroughs  I he  pickup  s oil  ami  thernnn  ouple  leads 
were  unhioken'  up  to  the  .malv/in|i  circuiliy  and 
the  scire  itself  yeas  chosen  because  ol  Us  homogeneity  ' 
•\  M)0  11  heater  is  uniloimly  yy tapped  around  the  coppei 
chambei  (.'8  and  the  heater  leads  hioughf  out  through  a 
slot  in  C6.  This  slot  yeas  epoxied  over  after  the  heatei 
leads  ycete  inserted  and  then  machined  lo  permit  the 
vacuum-tight  junction  of  (.'7  and  1)1. 

The  nearly  matched  MXXMurn  pickup  coils  are  0.655 
cm  in  length  and  O.hhfM  cm  t.d.,  in  order  to  tit  the 
O.M5-cm-diam  powder-m-epoxy  samples  closely,  and 
the  coil  separation  is  5.81  cm  to  preclude  any  influence 
of  the  sample  on  the  empty  field  detection  coil.  These 
coils  are  potted  with  low  temperature  epoxy,  Emerson  & 
Turning  2651  MM  and  catalyst  9.  Holes  in  the  coil  form 
and  support  rod  permit  movement  of  helium  exchange 
gas  throughout  the  chamber. 

B.  Signal  detection 

Since  the  signal  detection  is  virtually  the  same  for  all 
three  modes,  we  limit  our  discussion  to  its  most  complex 
implementation.  The  literature  contains  several  ref- 
erences'" '*  to  integrating  magnetometers  of  various 
types  The  basic  system  consists  of  a low  drift  opera- 
tional amplifier  configured  for  low-leakage  integration 
across  a matched  pair  of  flux  sensing  coils  connected 
m opposition.  The  coils  detect  the  change  in  sample 
induction  Hand  applied  tield  //.  respectively,  as  the  field 
is  swept  typically  at  I I min.  The  difference  between  the 
signals  is  integrated  and  displayed  at  M on  the  >'  axis  of 
a recorder  while  the  A'  axis  displays  the  Held  amplitude, 
fhe  field  amplitude  is  proportional  lo  the  current  through 
the  solenoid  and  in  turn  to  the  voltage  generated  across 
a standard  resistor.  It  can  be  measured  to  about  0.1'? 
accuracy.  The  coil  separation  must  be  great  enough 
to  preclude  any  influence  of  the  sample  on  the  empty 
coil  while  the  applied  field  must  be  uniform  across  the 
two  coils  throughout  the  field  sweep.  The  maximum 
sweep  rate  of  about  1.5  T/min  is  a limitation  imposed 
by  the  superconducting  nature  of  the  magnet.  It  is  below 
any  imposed  by  the  electronics. 


I li>  i ii y ml  we  found  convenient  is  illustrated  in 
I ig  7 It  employs  coiumcicial  equipment  wheiovei  pos- 
sible I to.  looveiall  system  constraints,  the  simple  flux 
, ompeiisaiion  me.  hniiism  ol  Kel  6.  consisting  ol  two 
iii  .uly  ulcntiv.il  coils  displaced  along  a common  axis, 
was  adopted  See  H7  and  HI  of  fig  I Our  circuit 
divriges  liom  that  ol  Kel  h.  however,  in  the  polentiomc 
let  .mange me nt 11  used  to  achieve  fine  balance  and  in 
the  lav  i that  out  signal  is  amplified  before  integration. 
In  Hus  lailei  aspect  our  circuu  becomes  similar  lo  that 
ol  Kels  ••  anil  17  14  As  in  Kefs,  9 and  14,  the  signal 
is  lu si  amplified  by  a Keithley  148  nanovoltmeler  which 
has  a veil  low  drift  tale  of  10  nV  day  and  offers  a great 
tango  ol  amplification  with  high  input  impedance.  We  are 
inloi  tried  this  amplifier  generates  negligible  I I noise1"  on 
the  millivolt  ranges  which  we  employ.  As  in  Kef.  II.  our 
mlcgiulion  is  done  with  an  O S Walker  integrating 
fluxmeler  I he  particular  model  we  used  was  the  Ml'  IK 

W hile  a Hall  probe  can  sometimes"  be  used  lo  good 
advantage  Idi  field  detection,  a balanced  coil  system  is 
usually  prcfeired  to  tediice  common  movie  pioblcms  ol 
noise  and  lo  approximately  cancel  thermal  ends  Ex- 
tensive precautions  were  taken  to  avoid  thermoelectric 
effects  in  wiring  the  coils,  as  was  noted  above.  The  coils 
each  contained  about  MXX)  turns  of  #48  copper  wire. 
They  were  potted  with  low -temperature  epoxy  to  pre- 
vent winding  shifts  due  to  both  magnetic  and  thermal 
cycling. 

C.  Thermometry 

Several  different  thermometers  are  deployed  in  2 dif 
ferent  surface  grooves.  H8  and  HI  I,  of  the  cod  form 
to  monitor  thermal  gradients  as  well  as  temperature. 
Location  B8  houses  a 68  11.  0.1  W.  Allen  Hiadlev 
resistor  for  the  range  1.5-20  k.  a platinum  resistance 
thermometer1"  for  the  range  20-.t(X)  K.  and  a field 
independent  capacitance  thermometer’"  ” for  the  range 

I. 5-70  k and  90-500  K,  which  is  thermally  tied  to  the 
other  thermometers  for  mutual  comparison.  Location 
HI  I houses  a copper -Tonstantan”  thermocouple  for  the 
range  20- 500  K and  a germanium  resistance  thermome- 
ter*' for  the  range  1.5-100  k.  We  use  most  of  these 
thermometers  at  zero  held  only,  but  their  tield  de- 
pendence has  been  discussed  by  Neuringer  and  Rubin.*' 
fhe  field  dependence  of  the  carbon  thermometer  is 
small,  can  he  readily  calibrated,  and  in  pail  reduced. ’* 
It  is  recommended  that  all  potential  thcimonietry  re- 
quirements be  met  during  initial  construction  when  both 
the  winng  and  thermometer  placement  are  simple. 

II.  OPERATION 

A.  Integrating  magnatomatry,  varying  flald,  flxad 
tamparatura 

As  held  is  swept,  the  change  in  magnetization  with 
held  is  integrated  and  plotted  as  M vs  H (see  Sec.  If 
Signal  strength  is  calibrated  by  running  a nickel  sample 
of  the  same  size  and  shape.  At  each  substantially  dif- 
ferent temperature  setting  (see  Sec.  Ill),  nanovoltmeler 


Auxmcli'i  vli  ill  i s zeroed  mil  and  coil  balance  is  rccslab 
fished  by  Hefipol  adjustment  while  sweeping  the  held 
l or  this  adjustment  phase,  the  sample  is  conveniently 
removed  front  the  pickup  coil-solenoid  region  by  with 
drawal  of  sample  rod  A. 

B.  Integrating  magnetometry,  varying  temperature, 
fixed  field 

I'his  mode  can  be  used  to  study  the  temperature 
dependence  of  the  magnetization  at  fixed  fields.  Our 
interests  included  elucidating  such  behavior  for  supei 
conducting  materials.'  *27  in  phase  transition  regions, 
and  for  rare  earth- cobalt  materials  under  saturation  or 
zero  field  conditions  This  mode  requires  determination 
of  the  initial  magnetization  by  one  of  the  other  modes, 
most  conveniently  the  ballistic  mode.  The  range  of 
temperature  that  could  be  swept  per  integration  would 
be  limited  by  the  necessity  for  maintaining  quasistatic 
equilibrium.  This  range  would  depend  on  the  signal 
strength,  the  thermal  conductivity  and  the  specific 
heat  of  the  sample  I'he  change  of  magnetization  is  meas- 
ured as  m Sec.  I B. 

C.  Ballistic  magnatometry 

This  mode  is  used  to  measure  sample  magnetization 
at  fixed  fields.  The  signal  is  generated  by  abrupt  sample 
removal  from  the  pickup  coil  and  detected  as  above. 
Since  the  coil  sensing  field-change  generates  no  signal, 
coil  balancing  is  unnecessary  in  this  mode.  I’he  Keithley 
voltmeter  scale  is  visually  monitored  during  this  opera- 
tion to  preclude  amplifier  saturation.  Calibration  is  as 
in  Sec.  II  A. 

The  ballistic  mode  complements  the  integration  mode 
in  various  ways,  l or  example,  it  may  be  used  to  ascer- 
tain the  state  of  magnetization  of  a sample  without 
magnetically  altering  that  state.  In  addition,  high-field 
magnetometry  with  our  NhjSn  magnet  is  limited  to  this 
fixed  field  measurement  due  to  the  relatively  long  cycling 
times  required  to  prevent  (lux  jumping  at  these  fields. 
Martin  and  Benz*"**  also  employ  a ballistic  technique 
with  a high-field  Nb,Sn  solenoid.  Such  ballistic  meas- 
urements and  conventional  hysteresigraph  measure- 
ments on  saturated  samples  were  made  in  their  study  of 
demagnetization  properties  of  long  cylindrical  cobalt - 
rare  earth  magnets. 

D.  Temperature  control 

In  our  large,  slow-cycling,  superconducting  magnet 
facility,  the  probe  resides  in  a chamber  that  is  vacuum 
isolated  from  the  helium  bath  of  the  magnet.  Thus 
temperature  control  is  relatively  easy.  In  our  smaller 
faster  cycling  sy  stem,  the  probe  resides  in  the  helium  bath 
of  the  magnet  and  our  remarks  are  directed  at  this 
system.  * 

The  conically  mating  copper  heat  sinks  Bf>.  C7,  and  1)6 
leak  heal  to  the  bath  and  tend  to  cool  the  system  while 
shunting  away  heat  conducted  down  by  the  leads  and 
probe  structure  from  room  temperature.  With  a vacuum 


I u.  ' I he  cool-down  rattrv  of  the  experimental  chamhei.  IK,  foi 
various  vacuum  chamber  1 1>>  pressuics  In  runs  A and  H vacuums  ol 
10  ' and  10  * Torr.  respectively,  were  established,  and  the  vacuum 
chamber  was  sealed  before  and  remained  so  throughout  cool-down 
Curve  C is  effectively  a continuation  ot  Curve  B but  the  vacuum 
chamber  valve  was  opened  to  a diffusion  pump  pressure  ot  10  ' Tori 
at  the  l-h  mark,  then  helium  gas  was  injected  into  the  line  at  the 
2:4A  mark  and  reevacuatcd  immediately 

of  about  10  * Tort  in  Chamber  O.  the  equilibrium 
temperature  of  the  experimental  space  within  copper 
Chamber  C8  is  about  25  K.  We  exercise  temperature 
control  of  the  experimental  space  by  varying  the 
amount  of  exchange  gas  in  Chamber  l)  and  current  in 
ihe  heater  wrapped  uniformly  around  Chamhei  CK. 

The  utilization  of  the  thermometers  described  in  Sec 
I C in  achieving  temperature  control  will  now  be  dis- 
cussed. The  Allen-  Bradley  resistor  in  location  B8  of  Fig. 

I and  the  germanium  thermometer  in  Bl  I can  he  moni- 
tored to  determine  temperatures,  which  arc  then  com- 
pared to  examine  thermal  gradients  for  temperatures 
below  20  K.  The  copper-Constantan  thermocouple 
and  platinum  thermometer  are  monitored  for  the  tern 
peraturc  range  of  20-500  K and  the  gradients  or  tern 
perature  differences  evaluated.  The  germanium  ther- 
mometer is  useful  up  to  100  K and  is  preferred  over 
the  thermocouple  at  the  lower  temperatures.  The  resis 
live  devices  are  measured  using  a constant  current  sup 
ply  and  digital  voltmeter  with  a resolution  of  about  0 I 
fi\ . Currents  of  10  jiA  or  less  are  generally  required  to 
avoid  heating.  Magnetization  measurements  are  not  per- 
formed until  the  temperature  is  sufficiently  stabilized. 

The  application  of  field  affects  the  accuracy  of  the 
above  thermometers  and  with  the  exception  of  the 
Allen- Bradley  resistor  they  can  be  monitored  only  be 
fore  and  after  field  excursions.  The  capacitance  ther 
mometer  is  field  independent  and  is  monitored  with  a 
General  Radio  I615A  capacitance  bridge  when  required. 
It  is  most  conveniently  employed  as  a null  detector  to 
indicate  little  or  no  change  in  temperature  during  a 
field  excursion. 

Figure  3 illustrates  how  cool-down  varies  as  a func- 
tion of  the  vacuum  pressure  in  Chamhei  I).  Curves  A 
and  B were  obtained  by  pulling  vacuums  of  lit  1 and 
10  " Torr.  respectively,  valving  off  the  vacuum  system 
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J u.  4 Raw  magnetization  data  taken  at  different  temperaiuio 
on  0 MK-cro  viiheN  of  nickel  ami  Smt  o.  using  the  integration  suepl 
field  m* Hie 


.mil  then  lowering  the  magnelometei  assembly  into  the 
liquid  helium  bath,  Cuive  ('  is  cITcetivcIy  a eonlimia 
turn  of  Curve  H 

If  integrating  fluxmeter  measurements  are  to  be  made 
on  .i  single  sample  at  different  temperatures,  the  cool- 
doun  rale  of  Curve  B is  slow  enough  to  introduce  no 
detectable  error  in  the  typical  hysteresis  loop.  In  this 
regard  a brief  analysis  of  AW.  the  error  in  magnetiza- 
tion resulting  from  the  thermal  drift  is  worth  con- 
sideration. 

f"  dM  dl  , 

AM  = dl. 

dT  dt 

wheie  dM/dl  is  the  rate  ol  change  of  magnetization 
with  temperature.  dl'  di  is  the  rate  of  change  of  tempera- 
ture with  lime,  and  I,  is  the  tune  required  to  trace  a 
loop.  Id- 20  min.  figure  4 illustrates  the  typical  change 
in  magnetization,  for  SmCo,  roughly  lOS  . for  tempera- 
ture changes  from  273  to  77  k.  Approximating  d.M/dT 
then  by  ( M,  101/200  K.  where  M,  is  the  saturation  mag- 
netization. and  estimating  dT/di  at  273  k.  from  curve  B 
of  f ig.  3,  to  be  6 k/ 13  min  and  assuming  a period,  r, . to 
be  I'  min  we  obtain  A, 3/  0.003  l/,.  Thus  A.W  is  well 
below  the  resolution  of  the  .W-  //  curves  show  n in  fig.  4. 

If  room  temperature  measurements  are  to  be  made  on 
a number  of  samples,  stabilization  becomes  necessary, 
l he  temperature  can  be  stabilized  at  300  k by  applica- 
tion of  about  I W of  power  when  a pressure  of  10  * Tort 
has  been  established  in  the  vacuum  chamber  before 
valving  off  and  before  submersion  in  liquid  helium. 

Measurements  made  .it  4.2  k require  helium  exchange 
gas  in  Chambers  I)  and  C.  Typically  we  use  about  10 
cm1  aliquots  of  helium  gas  at  300  k and  150  Torr  in 
Chambers  D and  C.  w hich  each  have  volumes  of  about 
300  cm1,  to  equilibrate  the  probe  temperature  with 
(hat  of  the  helium  bath. 

E.  Sample  change 

To  remove  sample  rod  A.  Chamber  D must  be  evacu- 
ated to  more  effectively  isolate  Chamber  C from  the 


liquid  helium  bath  Then  we  apply  an  overpressure  ol 
helium  gas  at  C2  to  reduce  an  intake  at  onlice  Bl  when 
A is  fully  removed  lor  sample  change  B I is  then  plugged 
while  the  sample  holder  is  leplaced  I he  samples  are 
glued  io  threaded  sample  holders  w ith  (if  703 1 Kod  A is 
reinserted  under  the  same  overpressure  ol  helium  gas 
then  Chamber  C is  evacuated,  purged  with  helium  gas. 
and  reevacuated. 

III.  MEASUREMENT  ANO  ANALYSIS 

Maximum  sensitivity  is  attained  with  samples  that  lit 
the  p'ckup  coil  closely  and  have  a high  density  of  active 
material.  All  oui  samples  met  at  least  one  of  these 
criteria. 

Cylindrical  samples  composed  of  5r<  suspension  of 
Sm...  iCofeMnlu  alloy  in  epoxy  were  designed  with  a 
diametci  old  h27  cm  I he  i.d  ol  the  pickup  coils  isll.bb 
cm  Although  a sample  length  ol  0 ' would  have  opli 
mized  detection  a length  id  0. 3'  was  chosen  to  meet  the 
constraints  of  another  system.  The  results  of  measure 
mcnls  on  these  samples  will  be  published  elsewhere1" 
These  sample  runs,  in  general,  required  cycle  limes  ol 
twenty  minutes  to  attain  fields  of  ±K5  k(i.  Practical 
resolution  was  limited  by  drift  to  about  10  (i.  Scale 
factors  of  I mV  on  the  nanovolt  meter  and  50. 00  > I0‘ 
on  the  fluxmeter  produced  displacement  ratios  ol  about 
'a  mm/Ci  on  the  recorder  Thus  a visual  resolution  of 
about  I G is  possible.  This  is  about  I 10  the  drift  un- 
certainty. Improved  resolution  depends  only  on 
reducing  the  drift  rate. 

Solid  SmCo.  cubes  of  only  0.32  cm  on  a side  were 
also  measured,  figure  4 illustrates  cuives  obtained 
from  these  cubes  at  different  temperaluies  The  results 
from  a nickel  cube  are  also  displayed  loi  comparison 
The  scale  factors  employed  foi  these  measurements 
were  3 mV  on  the  nanovoltmeter  and  50.00  x 10* 
on  the  fluxmeter. 

Demagnetization  effects  of  nonclliptical  specimens 
can  be  complex  and  must  in  general  be  resolved.*”' 
When  the  principal  aim  is  determination  of  the  anisot 
ropy  Meld  of  a cylinder,  analysis  is  simplified  Anisot- 
ropy is  determined  by  apply  mg  an  axial  Meld  on  cylindri 
cal  samples  whose  crystallites  are  aligned  with  their 
easy  axis  in  the  direction  of  a diameter.  The  applied 
Meld  at  which  saturation  occurs  is  then  the  sum  of 
the  anisotropy  Meld  and  the  demagnetization  Meld  in  a 
particle  at  the  center  of  the  cy  linder  because  the  centei 
is  where  the  total  held  is  smallest  and  hence  the  last 
part  of  the  sample  to  saturate.  Thus  to  determine  //, 
one  need  only  Mnd  the  Meld  in  a particle  at  the  center  of 
an  axially  saturated  cylinder  in  an  applied  Meld 
Ha  is  then  given  by 

tt,  = //,"  - //„•  f H„«  - H„'\  (I) 

where  Hn'\  H„f  . and  H„r  arc  demagnetization  fields 
arising  from  magnetic  poles  located,  respectively,  on 
the  ends  of  the  cylinder,  on  the  epoxy  side  of  the 
boundary  between  the  particle  and  the  epoxy,  and  on  the 


i 


particle  side  ol  the  epoxy -particle  boundary.  II,"  is 
given  by  the  familiar  expression  for  the  field  halfway 
along  the  axis  of  two  equally  and  uniformly  but  op- 
positely charged  circular  laminae. 

H,"  = 4ir.V.V/JI  <l  + r|-‘/2J  (2) 

where  S is  the  ratio  of  powder  to  sample  volume,  r is  the 
sample  diameter  to  length  ratio,  and  M,  is  the  saturation 
magnetization.  If  one  assumes  an  average  spherical 
shape  for  the  powder  particles. 


H,;  -inSMr  5 

O) 

4 77.1/..  1 

0) 

Substituting  1 qs 

(2)-(4)  in  < 1 ) then  yields 

//,  II," 

477.XA/Ji«  + i ,.s  (If, 

-I- »A]  (5) 

For  homogeneous  magnetic  samples,  terms  it)  and  (4) 
do  not  exist  and  (M  reduces  to 

//,  = //,"  47r.S  W.ll  I I +■ 

The  results  from  a Sm..(l'o„ KFe„  ,),r  powder-in-epoxy 
cylinder  of  diameter  0.42b  cm  and  length  0.42  cm  are 
considered  as  an  example  The  applied  held  at  satura- 
tion was  measured  to  be  8vh  kG  ant|  the  correction  was 
calculated  to  be  .VI  kG;  thus  the  anisotropy  held  is 
determined  to  be  80.5  kG. 
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